An effective strategy for re-establishing K + and Na + homeostasis is a challenge for the improvement of plant performance in saline soil. Specifically, attempts to understand the mechanisms of Na + extrusion from plant cells, the control of Na + loading in the xylem and the partitioning of the accumulated Na + between different plant organs are ongoing. Our goal was to provide insight into how an external nitrogen source affects Na + accumulation in Sorghum bicolor under saline conditions. The NH 4 + supply improved the salt tolerance of the plant by restricting Na + accumulation and improving the K + /Na + homeostasis in shoots, which was consistent with the high activity and expression of Na + /H + antiporters and proton pumps in the plasma membrane and vacuoles in the roots, resulting in low Na + loading in the xylem. Conversely, although NO 3 --grown plants had exclusion and sequestration mechanisms for Na + , these responses were not sufficient to reduce Na + accumulation. In conclusion, NH 4 + acts as an efficient signal to activate co-ordinately responses involved in the regulation of Na + homeostasis in sorghum plants under salt stress, which leads to salt tolerance.
*Corresponding author: E-mail, egomesf@ufc.br; Fax, +55 85 3366 9789. (Received September 21, 2016; Accepted December 23, 2016) An effective strategy for re-establishing K + and Na + homeostasis is a challenge for the improvement of plant performance in saline soil. Specifically, attempts to understand the mechanisms of Na + extrusion from plant cells, the control of Na + loading in the xylem and the partitioning of the accumulated Na + between different plant organs are ongoing. Our goal was to provide insight into how an external nitrogen source affects Na + accumulation in Sorghum bicolor under saline conditions. The NH 4 + supply improved the salt tolerance of the plant by restricting Na + accumulation and improving the K + /Na + homeostasis in shoots, which was consistent with the high activity and expression of Na + /H + antiporters and proton pumps in the plasma membrane and vacuoles in the roots, resulting in low Na + loading in the xylem. Conversely, although NO 3 --grown plants had exclusion and sequestration mechanisms for Na + , these responses were not sufficient to reduce Na + accumulation. In conclusion, NH 4 + acts as an efficient signal to activate co-ordinately responses involved in the regulation of Na + homeostasis in sorghum plants under salt stress, which leads to salt tolerance.
Keywords: K + /Na + homeostasis Na + /H + antiporter Nitrogen nutrition Proton pump Salt stress Sorghum.
Abbreviations: BSA, bovine serum albumin; CBL, calcineurin B-like protein; DAS, days of salinity exposure; DTT, dithiothreitol; KORC or NORC, outward-rectifying K + channels; KUP/HAK/KT or HKT, high affinity potassium transporters; NAA, 1-naphthaleneacetic acid; NHX, vacuolar Na + /H + antiporter; NHX, NHX Na + /H + antiporter gene; NSCC, non-selective cation channel; P-ATPase or PHA, plasma membrane H + -ATPase; PEG, polyethylene glycol; PHA, plasma membrane H + -ATPase gene; PPase or VPP, H + -pyrophosphatase; qPCR, quantitative PCR; SOS, salt overly sensitive; SOS1, salt overly sensitive 1 Na + /H + antiporter; SOS1, SOS1 Na + /H + antiporter gene; SOS2, serine/threonine protein kinase; SOS3, myristoylated Ca 2+ -binding protein; V-ATPase or VHA, vacuolar
Introduction
Soil salinization is a serious agricultural problem that limits crop yield. Plant growth is initially affected by osmotic stress as well as by ion-specific stress, in which excess Na + accumulation in the cytosol disrupts ion homeostasis and impairs several cellular processes, such as enzyme function and plant K + uptake Tester 2008, Cuin et al. 2011) . Maintaining a low accumulation of toxic Na + and a high K + /Na + ratio are crucial processes that enable plant survival in a saline environment (Chen et al. 2007, Hauser and Horie 2010) . Salt tolerance is a multigene trait controlled by a complex genetic network. Three major mechanisms act individually or co-operatively to prevent cytoplasmic Na + accumulation in glycophytes: (i) the minimization of Na + influx into cells; (ii) the maximization of Na + compartmentalization in vacuoles; and (iii) an increase in Na + efflux from the cell (Tester and Davenport 2003) . It has been widely emphasized that the mechanisms that control Na + accumulation potentially operate at the root level, since the majority of gene transcripts responsive to stress are expressed in root tissues rather than in the aerial parts of the plant.
The pathways of Na + entry into the roots subjected to high salinity are still unknown, although evidence supports the participation of non-selective cation channels (NSCCs), KUP/HAK/ KT and HKT high affinity potassium transporters and cation carriers (Apse and Blumwald 2007, Kronzucker and Britto 2011) . Na + extrusion is mediated by the salt overly sensitive (SOS) signaling pathway. The SOS pathway was first demonstrated in Arabidopsis thaliana and later in other plant species (Shi et al. 2000 , Zhu 2003 , Olías et al. 2009 , Ji et al. 2013 . After Na + is perceived by a hypothetical plasma membrane sensor, signaling occurs via increases in cytosolic Ca 2+ decoded by Ca 2+ -sensing proteins, such as the calcineurin B-like proteins (CBLs) and CBL-interacting protein kinases (Batistic and Kudla 2004, Tang et al. 2014) . Oscillations of Ca 2+ elicited by salt stress are sensed by SOS3, a myristoylated Ca 2+ -binding protein (Sánchez-Barrena et al. 2005) . SOS3 interacts with and activates SOS2, a serine/threonine protein kinase belonging to the SNF1-related kinase 3 (SnRK3) family (Halfter et al. 2000) . Finally, the SOS3/SOS2 kinase complex phosphorylates and activates SOS1, a plasma membrane Na + /H + antiporter, to extrude sodium (Quintero et al. 2011) .
The plasma membrane SOS1 Na + /H + antiporter is the only Na + efflux protein in plants that has been characterized thus far. In a saline environment, SOS1-like transporters may act by reducing the Na + level in the cytosol by extruding the Na + back into the apoplast in the roots (Cuin et al. 2011) , regulating longdistance Na + transport by controlling the Na + loading in the xylem vessels (Bose et al. 2014) , and retrieving Na + from the xylem into the root stele (Shi et al. 2002) . Knockdown of the sos1 gene disrupted the capacity to exchange Na + /H + and impaired membrane traffic and vacuolar function by disrupting the pH homeostasis in root cells (Shi et al. 2000 , Oh et al. 2009 , Oh et al. 2010 . In this context, the ability of tomato plants (Solanum lycopersicum) to retain Na + in the stems, which prevented Na + translocation to photosynthetic tissues, was largely dependent on the function of SlSOS1 (Olías et al. 2009 ). On the other hand, overexpression of the SOS genes improved plant salt tolerance due to a refinement of the control of Na + accumulation in A. thaliana (Yang et al. 2009 ), S. lycopersicum (Huertas et al. 2012) and Salicornia brachiata (Yadav et al. 2012 ).
Vacuolar Na + /H + antiporters (NHXs) compartmentalize Na + in vacuoles to prevent toxic effects in the cytosol (Apse et al. 1999) . Plants that overexpressed the NHX antiporter gene sequestered more Na + and established a favorable K + /Na + ratio in the cytosol compared with wild-type plants exposed to NaCl stress, resulting in enhanced salinity tolerance (Ohta et al. 2002 , Yarra et al. 2012 . The physiological roles of NHX1 and SOS1 Na + /H + antiporter systems in the maintenance of favorable K + and Na + concentrations in the cytosol have been demonstrated, but the relative contribution of each system to the improvement of salt tolerance may vary considerably between plant species. Moreover, Na + efflux across the plasma membrane or pumping to the vacuole to achieve Na + sequestration are energy-consuming processes. Energy-dependent Na + transport is coupled to the proton electrochemical potential difference generated by three important H + -translocating pumps, such as the P-type plasma membrane H + -ATPase (P-ATPase), V-type vacuolar H + -ATPase (V-ATPase) and H + -pyrophosphatase (PPase) (Apse and Blumwald 2007). The P-ATPase couples ATP hydrolysis to proton transport out of the cell, thus establishing an electrochemical gradient across the plasma membrane that drives Na + extrusion via SOS1 activity (Zhu 2003) . Conversely, Na + compartmentalization in vacuoles through NHX antiporters is driven by the proton-motive force generated by V-ATPase and PPase proton pumps (Gaxiola et al. 2007) . Although the behavior of proton pumps and Na + /H + antiporters is of great interest for understanding the responses of plants to salinity, their regulation during salt exposure at the functional and transcriptional levels as affected by the nitrogen source remains unknown.
Several studies have shown that NH 4 + , as the sole nitrogen source, impairs plant growth compared with NO 3 -nutrition (Dluzniewska et al. 2007 (Dluzniewska et al. , M'rah et al. 2010 ). Ammonium toxicity is frequently related to K + homeostasis injury, as NH 4 + may inhibit K + uptake via competition for the absorption sites of the high-affinity K + transporters (Hoopen et al. 2010) . Nevertheless, in some plant species, NH 4 + nutrition has been proposed as an advantage to plants under adverse environmental conditions, such as in tomato (Nieves-Cordones et al. 2008) , citrus (Fernández-Crespo et al. 2012) , rice (Zhu et al. 2009 ) and sorghum (Miranda et al. 2016) .
Sorghum bicolor is a versatile C 4 grass that is moderately salt, heat and drought tolerant and is widely used for ruminant nutrition, human food and sugar production. In the last few years, sorghum has also become an efficient and highly productive bioenergy crop, emerging as an alternative to alleviate food-fuel tension. Our research group has already shown that S. bicolor plants more efficiently regulated ionic homeostasis in response to salt stress under NH 4 + compared with NO 3 -nutrition (Miranda et al. 2013 , Miranda et al. 2016 . NH 4
+ reduced the accumulation of Na + in the shoots, as a result of high retention in the root tissue and/or reduced transport via the xylem and accumulation in the root and shoot tissues, which increased the plant tolerance to NaCl stress. However, the underlying biochemical mechanisms for avoiding Na + overaccumulation in salt-stressed sorghum plants grown with these nitrogen sources are still not understood.
Based on the role of inorganic N as a signaling molecule, we hypothesized that the expression and activity of plasma membrane and tonoplast transporters from the roots, which are involved in the control of K + /Na + homeostasis, are more efficiently induced by NH 4 + than by NO 3 -in the presence of a salt stimulus. This hypothesis was tested by studying the SOS1 and NHX antiporters and the P-ATPase, V-ATPase and PPase proton pumps, and then it was related to the accumulation and transport of Na + in salt-stressed sorghum plants. We carried out a set of biological measurements, combining physiological and biochemical analyses with a molecular approach, and provided further insight into how pathways for the control of Na + accumulation are modulated via two important nitrogen sources.
Results
Plant salt tolerance and K + /Na + homeostasis
To differentiate the effects of the nitrogen source on the sorghum salt stress response, we first analyzed the plant growth and the K + and Na + accumulation over the course of a 10 d salinity exposure (DAS). Plants fed NO 3 -were more rapidly affected by salinity than those fed NH 4 + ( Fig. 1 ; Supplementary Table S1 ). Moreover, a salt-induced growth reduction was more apparent in plants grown with NO 3 -than with NH 4 + (Fig. 1C, D) . For example, compared with the control, at 10 DAS, the shoot and root dry mass were reduced by 46.8% and 54.9%, respectively, in plants grown with NO 3 -, and by 16.9% and 28.6%, respectively, in plants grown with NH 4 + (Fig. 1A, B) . The shoot and root Na + concentrations were increased by salinity, but the Na + content was lower in plants grown with NH 4 + than with NO 3 - (Fig. 2) . The Na + content in shoots of NO 3 --grown stressed plants was found to be 5.0-, 7.9-, 9.1-and 5.6-fold higher than in those of the control at 3, 5, 7 and 10 DAS, respectively; while it was only 3.0-, 4.9-, 2.9-and 2,9-fold higher in plants treated with NH 4 + ( Fig. 2A) . A similar response was seen in the roots (Fig. 2D) . The mean Na + accumulation in the shoot and roots of NH 4 + -fed stressed plants was 58% and 37% lower than that of NO 3 --grown stressed plants, respectively.
In general, the root K + content was similarly decreased by salinity in both NO 3 --and NH 4 + -grown plants (Supplementary Table S2 ). In contrast, K + homeostasis in the shoots was more affected by salinity in NO 3 --treated plants, with a mean reduction of 36% compared with the control for all time points, whereas the K + content was decreased by only 21% in plants supplied with NH 4 + (Supplementary 
/H
+ exchanger NHX activity in tonoplast vesicles from stressed roots was higher than in the control, with the highest percentage (142%) at 10 DAS in roots supplied with NO 3 - (Fig. 4B) . However, under salt stress, the NHX activity was higher in NH 4 + -grown stressed plants than in NO 3 --grown plants at 1 DAS and similar at 10 DAS (Fig. 4B) .
To correlate the activity of the Na + /H + exchangers in the plasma membrane and tonoplasts with their physiological roles in controlling the xylem loading of Na + , the Na + content of the xylem sap in the presence and absence of the pharmacological inhibitors orthovanadate and amiloride was determined. In all cases, salt-stressed plants had higher Na + concentrations in the xylem sap than the control plants; however, the Na + concentration in the xylem was decreased by 18% and 42% at 1 and 10 DAS in NH 4 + -grown plants compared with the NO 3 --grown plants (Fig. 3B) . The presence of amiloride alone (an Na + /H + exchanger inhibitor) or in combination with orthovanadate (a P-ATPase inhibitor) promoted a significant increase in the xylem Na + content of stressed plants grown with NH 4
, which was correlated with an enhanced Na + content in both the shoot and roots ( Fig. 5A-D) . Conversely, these inhibitors did not affect the loading of Na + into xylem sap of plants grown with NO 3 -( Fig. 5C, F ).
Proton pump activity
The P-and V-ATPase H + pumps were more responsive to nitrogen source and salt stress, as indicated by the magnitude of H + translocation and the hydrolysis of specific substrates (Fig. 6) . NO 3 -in the nutrient solution increased the ATP hydrolysis activity and H + translocation mediated by the PATPase in sorghum roots (Fig. 6A , D, G, J; Table 1 ) at 1 and 10 DAS. On the other hand, the NH 4 + supply differentially modulated the P-ATPase activity in salt-stressed plants. At 1 DAS, the NH 4 + did not affect the ATP hydrolysis activity but significantly enhanced the H + pumping of the P-ATPase ( Fig. 6A, D Supplementary Table S1 .
At the vacuole level, decreases in the ATP hydrolysis activity were seen in the NO 3 --grown roots after 1 DAS, but the H + translocation driven by the V-ATPase remained constant, therefore increasing the H + /ATP coupling ratio ( Fig. 6B , E; Table 1 ). Nevertheless, the highest coupling efficiency of VATPase under saline conditions was observed in NH 4 + -treated plants (Table 1) , which resulted from a marked increase in ATP hydrolysis activity (62%) and a strong enhancement (256%) in H + translocation compared with the control ( Fig. 6B , E; Table 1 ). Unexpectedly, the V-PPase did not show modulation of expression by either nitrogen nutrition or salinity (Fig. 6C , F, I, L; Table 1 ).
Gene expression analysis
To investigate whether an external nitrogen source can modulate the gene expression of proton pumps and Na + /H + exchangers under salt stress, we performed a detailed investigation using real-time quantitative PCR (qPCR), with specific primers for each P-ATPase, V-ATPase, PPase, SOS1 and NHX gene. All of the analyzed genes were identified via an extensive search in the available sorghum genome and were classified using annotated genes from other species .
The sorghum genome potentially encodes the following: a single functional gene of a plasmalemma Na + /H + antiporter, namely SbSOS1 ( Supplementary Fig. S4 ); a gene family composed of six members of vacuolar Na + /H + transporters, classified as SbNHX1, SbNHX2, SbNHX3, SbNHX4, SbNHX5 and SbNHX6 ( Supplementary Fig. S5 ); 11 genes for a plasma membrane H + -ATPase, classified as SbPHA1, SbPHA2, SbPHA3, SbPHA4, SbPHA5, SbPHA8, SbPHA9, SbPHA10, SbPHA11a, SbPHA11b and SbPHA11c ( Supplementary Fig. S6 ); a family composed of eight vacuolar H + -PPase genes, classified as SbVPP1a, SbVPP1b, SbVPP1c, SbVPP1d, SbVPP1e, SbVPP1f, SbVPP1g and SbVPP2 ( Supplementary Fig. S7 ); and two genes for the ATP-catalytic domain (subunit A) of a vacuolar H + -ATPase. In this study, we presented the relative expression solely of genes highly expressed in the roots that were shown to be responsive to the studied treatments (Supplementary Table S8 ). In addition, qPCR assays were carefully performed to ensure reliability. Specific primers for all genes were designed in variable regions corresponding to exon-exon junctions (except for SbPHA10 and SbVPP1e genes, where it was not possible; and the SbVPP2 gene, which has no introns) ( Supplementary Fig. S9 ) to ensure specificity and avoid genomic DNA amplification. Additionally, the specificity of each primer pair was confirmed by the presence of a single peak in the dissociation curve (melting curve) ( Supplementary Fig.  S10 ).
SbSOS1 transcripts were up-regulated in salt-stressed roots grown with NH 4 + or NO 3 -compared with control plants (Fig. 7) . However, the up-regulation of SbSOS1 expression occurred more rapidly in the presence of NH 4 + (from 12 h after salinity) than NO 3 -(from 24 h after salinity). The results also suggest that the highest expression level was almost reached at these times. In a similar manner, the relative expression of SbNHX2 was up-regulated with time beginning at 24 h after salt exposure of the NO 3 --grown roots, whereas it occurred more rapidly and uniquely at 12 h of salinity in NH 4 + -grown roots (Fig. 8) .
Under salt stress, H + -ATPase transcripts were differentially regulated with time and by nitrogen nutrition. The relative expression in NO 3 --fed roots of SbPHA3 and SbPHA5 was upregulated at 24 h but down-regulated at 48 and 120 h under saline conditions (Fig. 9) . On the other hand, the expression of the SbPHA3 gene was slightly higher in salt-stressed sorghum roots grown with NH 4
+ from 24 to 120 h, whereas the SbPHA5 gene was up-regulated at 48 and 240 h, with its highest expression at 240 h (or 10 DAS) (Fig. 9) . The transcription rate of SbVHA1 in salt-stressed roots grown with NH 4 + progressively increased with the time of salt exposure (from 24 to 240 h), whereas those grown with NO 3 -were up-regulated only at 24 h (Fig. 10) . With NO 3 -, the relative expression of SbVPP1a was strongly up-regulated after 12 and 24 h of stress to 307% and 163% higher than the controls, respectively (Fig. 11) . Later, the progressive down-regulation of SbVPP1a expression was seen in the saline treatments. Conversely, the abundance of SbVPP1a transcripts was greatly increased in the NH 4 + -grown roots, with relative expression values of 432, 273, 263 and 61% higher than the controls, respectively, at 24, 48, 120 and 240 h (Fig. 11 ).
Discussion
Our previous study showed evidence that unlike NO 3 À , the presence of NH 4 + as the sole nitrogen source can mitigate the deleterious effects caused by salinity in S. bicolor plants via the efficient regulation of the tissue concentration of Na + (Miranda et al. 2016 ). In the current study, strong evidence of how NH 4 + restricts intracellular Na + levels in sorghum tissues including a functional and transcriptional regulatory network that leads to fine-tuning of salinity adaptive processes is provided.
Control of Na
+ accumulation by Na + /H + antiporters is critical for tolerance or sensitivity to salinity Plasma membrane (SOS1) and tonoplast Na + /H + antiporters (NHX) from sorghum roots have an important role in , after 1 and 10 d in the absence (control, gray filled) and presence (black filled) of 75 mM NaCl stress. Values are given as the mean of five replications ± SE. Within the same harvest time, different upper case letters indicate significant differences due to salt stress in the same nitrogen source (Control Â Salt stress), and different lower case letters represent significant differences due to the nitrogen source at the same salinity level (NO 3 -Â NH 4 + ) using Tukey's test (P 0.05).
Fig. 4 Activity of the Na
+ /H + antiporter from the plasma membrane (SOS1, A) and tonoplast (NHX, B) of sorghum (Sorghum bicolor) roots. Membrane vesicles were isolated from plants grown with NO 3 -or NH 4 + , after 1 and 10 d of cultivation in the absence (control, gray filled) and presence (salt stress, black filled) of 75 mM NaCl. Transport assays were performed as described in the Materials and Methods. The data are presented as Á%A 495 mg -1 protein min -1 and represent median values of four independent experiments ± SE. Statistical details are as in Fig. 3. preventing the excessive build-up of Na + in plant photosynthetic tissues. However, their activities and expression level during salt stress were differentially modulated by the N source in the root medium of sorghum plants. Plants grown with NO 3 -mostly compartmentalize salt in the vacuoles, as suggested by the increased NHX activity (Fig. 4B) and the enhanced retention of Na + in the roots during the first days of salt exposure (Fig. 2B, E) . Similarly, NHX activity was also induced in salt-stressed plants grown with NH 4 + , but our results suggested a primary role for an SOS1-like Na + /H + antiporter (Fig. 4A) , which controls the Na + efflux at the root-soil boundary, as a more relevant mechanism to reduce further the transport of Na + to the aerial tissues (Fig. 2C, F) . This hypothesis was supported by the Na + levels found in the shoots and the roots (Fig. 2) , which were significantly lower in plants grown with NH 4 + than with NO 3 -at various exposure times, and by the high activity of SOS1 in plants grown with NH 4 + and subjected to salt stress (Fig. 4A) . Moreover, pre-treatment with amiloride and vanadate, which are inhibitors of Na + /H + antiporters and plasma membrane H + -ATPase, respectively, and widely used for in vitro enzymatic assays as well as in wholeplant experiments (Cuin et al. 2011 , Zhu et al. 2016 , confirmed that these mechanisms were operational under the tested conditions (Fig. 5) .
NO 3 --grown stressed plants displayed a reduced capacity for Na + retention in roots in the presence of amiloride, which consequently led to an increase in the Na + concentration in the shoots (Fig. 5A, B, D, E) . Additionally, vanadate did not induce any effects on the accumulation or transport of Na + in NO 3 --grown plants, suggesting that the Na + efflux mediated by SOS activity, which depends upon the plasma membrane H + -ATPase, did not significantly contribute to a reduction of the amount of Na + transported by the xylem (Fig. 5) . On the other hand, a marked effect on the Na + loading of sorghum plants grown with NH 4 + occurred with both the individual and simultaneous addition of amiloride and vanadate, suggesting the involvement of both antiporters and proton pumps, as indicated by a conspicuous increase of the Na + level in the xylem sap (Fig 5C, F) . Thus, although higher NHX activity was observed under NH 4 + nutrition, the role of the SOS1 antiporter seems to be more relevant for the control of Na + transport. SOS1 exchangers can be expressed in both (i) the root epidermis, functioning in the extrusion of Na + from the epidermal cells at the root tip, and (ii) the xylem-parenchyma interface,
Fig. 5 Effects of amiloride (inhibitor of Na
+ /H + antiporter transporters) and sodium orthovanadate (inhibitor of plasma membrane H + -ATPase) on Na + accumulation of roots and shoots and in Na + loading into xylem sap of sorghum plants supplied with NO 3 -and NH 4 + , after 1 and 10 d of 75 mM NaCl stress. During the experiments, roots were pre-treated with 100 mM amiloride and/or 500 mM sodium orthovanadate for 4 h prior to assays. Measurements were done in salt-stressed plants and pre-treated with or without pharmacological inhibitors. Values represent the mean of five biological replications ± SE. In the same nitrogen source and at the same time point, significant differences due to inhibitor treatment are denoted by different lower case letters using Tukey's test (P 0.05).
regulating long-distance Na + transport by controlling xylem Na + loading or unloading (Shi et al. 2002 , Shabala et al. 2013 , Zhu et al. 2016 . In sorghum, it is possible that SOS1 antiporters are preferentially expressed in root tip epidermal cells, as indicated by the inhibitor experiments (Fig. 5) and previously described in barley ) and wheat (Cuin et al. 2011) . The presence of amiloride and vanadate did promote time-specific alterations in the Na + loading into xylem sap and the Na + content of NO 3 --and NH 4 + -grown plants, which reinforced the idea that Na + extrusion to the external medium by epidermal cells is crucial to protect plant tissues against excessive Na + accumulation.
Vacuolar compartmentalization of Na + has been considered an important response for avoiding Na + toxicity in the presence of NaCl stress (Yadav et al. 2012 ), but it does not seem to be an efficient mechanism for controlling Na + transport from the roots to the shoots of NaCl-treated sorghum plants grown with NO 3 -. Under such growth conditions, sorghum plants had lower K + /Na + ratios in the shoots (Fig. 2B , E) and poorer growth (Fig. 1) compared with NH 4 + -grown plants. The negative effects of NO 3 -on the shoot K + /Na + ratio have also been described in wheat (Drihem and Pilbeam 2002) , barley (Kant et al. 2007 ) and sorghum (Miranda et al. 2013 ). ) (A, B, C, G, H, I) and H + pumping (D, E, F, J, K, L) of plasma membrane-(PATPase) and tonoplast-bound (V-ATPase and PPase) proton pumps from sorghum (Sorghum bicolor) roots grown with NO 3 -or NH 4 + , after 1 and 10 d in the absence (control, gray filled) and presence (black filled) of 75 mM NaCl stress. The H + -pumping assays were started by adding ATP or PPi and, when steady state was reached, the H + gradient was dissipated with 2 mM gramicidin (Gram) or bafilomycin (Bafi). Traces represent the quenching of acridine orange absorbance. The H + translocation and H + /substrate coupling ratio are presented in Table 1 . The data represent mean values from four independent experiments. Within each pump (A, B, C, G, H, I ), in the same nitrogen source or at the same salinity level, significant differences with respect to salt stress or nitrogen regime are shown by different upper case letters (Control Â Salt stress) or lower case letters (NO 3 -Â NH 4 + ), respectively, according to Tukey's test (P 0.05).
As shown in Figs. 7 and 8, the expression of Na + /H + antiporters was time dependent in sorghum roots. At the beginning of salt exposure (12 h), a rapid up-regulation of the SbNHX2 gene (Fig. 8) in NH 4 + -fed plants seems to be a determinant for Na + compartmentalization in the roots (Fig. 4B ) and low Na + transport in the xylem (Fig. 3B ). Yet, the induction of the SbNHX2 gene in NO 3 --fed plants occurs after 24 h of the onset of salinity and reaches its highest expression level at 240 h (or 10 DAS), which was similar to that observed in the NH 4 + -grown plants (Fig. 8) . The enhanced SbNHX2 expression in NO 3 --grown stressed plants corresponds to the increased activity of NHX (Fig. 4B) , but in physiological terms it was not sufficient to counteract the Na + transport to the aerial parts of the plant (Fig. 3B) . On the other hand, the up-regulation of SbSOS1 in NaCl-treated plants grown with NO 3 -and NH 4 + (Fig. 7) was partially correlated with the enhanced SOS1 activity at 1 and 10 DAS (Fig. 4A) . These results suggest that the differences in SOS1 activity between salt-treated plants grown with NO 3 -and NH 4 + may be attributable to post-transcriptional and/or post-translational regulation, probably mediated by the nitrogen source. Under salt stress, Na + efflux through SOS1 is regulated by the SOS3-SOS2 kinase complex (the SOS pathway), which is activated by NaCl-elicited calcium signals, the genes for which are mainly expressed in the root tissues (Chinnusamy et al. 2005 , Hu et al. 2012 , Ji et al. 2013 , Tang et al. 2014 . Some reports have demonstrated that nontoxic NH 4 + levels induce the production of signaling molecules (such as reactive oxygen species) that could positively regulate the SOS pathway or some of its components (Verslues et al. 2007 , Pál et al. 2015 . However, the downstream targets and the mechanism of the regulation of the SOS pathway by the inorganic N source in the root medium during salt stress are still elusive. We will address this in a future study.
Our results demonstrated that NH 4 + nutrition is by far the most favorable for growth of S. bicolor in a saline environment, because it significantly improves the salt tolerance of plants under 75 mM NaCl salt treatment (Fig. 1D) , being strictly associated with a low Na + concentration and high K + /Na + ratio in the photosynthetic tissues (Fig. 2) .
High efficiency of NH 4
+ -stimulated proton pumps plays a key role in the energization of transport processes under saline conditions Plasma membrane-and tonoplast-bound proton pumps have been indicated as important protagonists for salt acclimation in plants (Parks et al. 2002 , Lv et al. 2008 , Conde et al. 2011 , Janicka-Russak et al. 2013 . Under saline conditions, greater H + -ATPase and H + -PPase activity may contribute to the creation of a stronger H + gradient, which efficiently activates the Supplementary Table S1 .
Na
+ /H + antiporters that drive the excessive cytoplasmic Na + out of the cell and/or into the vacuole (Mansour 2014) . Nonetheless, continued active Na + extrusion could occur against an ever-increasing gradient and would become energetically expensive and thermodynamically more difficult (Cuin et al. 2011) . Thus, the elaborate regulation of proton pumps and Na + /H + transporters is crucial for plant salinity tolerance. In the current study, a high efficiency (i.e. strong H + pumping activity with low ATP consumption) of P-ATPase pumps was shown in NaCl-stressed roots grown with NH 4 + at both 1 and 10 DAS, indicating efficient H + /ATP coupling (Fig. 6A , D, G, J; Table 1 ). Higher P-ATPase-driven H + pumping can stimulate the SOS1 activity in this manner and consequently reduce Na + accumulation in NH 4 + -grown sorghum plants under saline conditions (Figs. 2, 4A , 5, 6D, J). Direct evidence for the close relationship between the P-ATPase and Na + /H + SOS1 antiporter was also described by Cuin et al. (2011) in Triticum aestivum (wheat) plants. Therein, vanadate was found to reduce the Na + efflux dramatically, implying that the Na + efflux relies on the generation of a H + gradient across the root plasma membrane, but 1-naphthaleneacetic acid (NAA), a potent activator of H + pumping, significantly increased Na + efflux. In our study, the inclusion of vanadate in the nutrient solution led to enhanced xylem Na + loading and tissue Na + accumulation, which suggested a key role for a plasma membrane H + -ATPase in the Na + efflux in sorghum roots during the interaction of NH 4 + and salt stress (Fig. 5) . Tolerance to salt stress has been associated with the accumulation of PHA transcripts in several plant species (Chen et al. 2010 , Janicka-Russak et al. 2013 , Mansuor 2014 . However, in sorghum, we did not observe a direct connection between PHA expression and salt tolerance. The expression of the PHA genes SbPHA3 and SbPHA5, which were highly expressed in the roots, was not noticeably regulated by salt stress and thus not directly reflected by P-ATPase activity (Figs. 6A, G, 9) . Therefore, the Statistical details are given in Supplementary Table S1 . Fig. 8 Relative expression profiles of the NHX2 gene in Sorghum bicolor roots grown in nutrient solutions containing NO 3 -or NH 4 + in the absence and presence of 75 mM NaCl salinity. Values are means ± SD of three biological replications by real-time qPCR. Statistical details are given in Supplementary Table S1 .
absence of a close relationship among expression and activity suggests a post-translational regulatory mechanism activated by NH 4 + that functionally enhances the efficiency of the PATPase proton pumps, allowing the formation of the deeper electrochemical potential gradient necessary for ion homeostasis. The NH 4 + -elicited P-ATPase efficiency may result from severe changes in the cytosolic pH homeostasis. The entrance of NH 4 + into the root cells stimulates the exclusion of one H + per NH 4 + ion, promoting the acidification of the rhizosphere ( Supplementary Fig. S11 ) (Zhu et al. 2009 ). This acidification model implies that the root cells pump more net H + under NH 4
+ than under NO 3 -nutrition conditions. Thus, a higher membrane depolarization due to NH 4 + nutrition may benefit the H + -pumping activity without drastically affecting the hydrolytic activity of the plasma membrane H + -ATPases, leading to better H + /ATP coupling ( Fig. 6 ; Table 1 ) (Wang et al. 1993, Schubert and Yan 1997) . As a result, an increase in H + pumping at the plasma membrane can significantly stimulate Na + /H + antiporter activity in plants exposed to salinity (Fig. 4A) .
After 10 d of salinity, the high H + pumping by the plasma membrane H + -ATPase in roots grown with NH 4 + may also have attenuated the reduction of cytoplasmic K + in roots (Fig. 6J Table S2) , which were critical for plant salt sensitivity (Fig. 1) .
Similar to findings by others , Yi et al. 2014 , our results suggested that V-ATPase but not PPase plays a pivotal role in providing the energy for stimulating Na + vacuolar compartmentalization by NHX transporters in response to salinity (Figs. 4B, 6 ; Table 1 ). Data on H + pumping and the hydrolysis of specific substrates by proton pumps in the tonoplast and plasma membrane in sorghum roots suggest that a positive feedback regulation, made up of complementary mechanisms, could be the earliest response during salt exposure. In this way, at 1 DAS, the high PATPase-driven H + pumping in NH 4 + -grown sorghum roots was accomplished with the induction of both proton translocation and ATP hydrolysis mediated by V-ATPase (Fig. 6B, D, E) . The enhanced P-and V-ATPase activities (Fig. 6 ) may result in a more negative electric potential inside the plasma membrane and outside the tonoplast, respectively, favoring SOS1 and NHX activity (Fig. 4) .
A surprising result of our study was that a progressive upregulation of SbVHA2 expression in response to salt stress was observed in NH 4 + -fed sorghum roots, whereas a slight but significant expression was detected in the NO 3 -treatments (Fig. 10) , even though Na + compartmentalization was preferentially seen in NO 3 --fed plants (Figs. 4, 8 ). In addition, higher NH 4 + -mediated SbVHA2 expression directly reflected an increase in ATP hydrolysis activity driven by V-ATPase at both 1 and 10 DAS, suggesting possible transcriptional control of the vacuolar H + -ATPase (SbVHA2) by NH 4 + nutrition (Figs. 6B, H,  10) . Thus, the enhanced SbVHA2 expression elicited by NH 4 + may be a factor that contributes to the integration of a sensitive signal transduction network, which is essential for triggering an active response to salt stress.
Our findings reveal the existence of a robust regulation of the salt tolerance mechanism, firstly in root cells and, subsequently, in the whole sorghum plant upon salinity. The high tolerance to salt stress of NH 4 + -grown sorghum plants is mainly a result of restricted Na + accumulation and more efficient energy use. We demonstrated that the NH 4 + -stimulated salt tolerance was attributable to (i) a more active SOS1 antiporter and (ii) the high efficiency of P-and V-ATPase in the roots, which in turn resulted in (iii) efficient Na + exclusion from the cell that (iv) counteracted net Na + accumulation in the cytosol and thus (v) prevented the loading of Na + into the xylem sap and its significant accumulation in the photosynthetic tissues. Taken together, we propose a mechanistic explanation of salt responses sustained from NH 4 + cross-talk (Fig. 12) , which provides insight into how NH 4 + nutrition controls Na + accumulation in root cells. In addition, our data indicated some specific genes, such as SbSOS1, SbPHA5 and SbVHA2, that could be used in plant breeding programmes.
Materials and Methods

Culture conditions and exposure to salinity
Experiments were performed with forage sorghum (Sorghum bicolor L. Moench) supplied from the Instituto Agronômico de Pernambuco (IPA), Brazil. Following germination, seedlings Statistical details are given in Supplementary Table S1 .
were cultivated in a hydroponic system in modified Hoagland's solutions, containing K + at 0.75 mM and two sources of mineral nitrogen at 5.0 mM, namely NO 3 -or NH 4 + . Exposure to salinity began 12 d after sowing, and the salt concentration of the nutrient solution was raised in a step-wise manner with 37.5 mM NaCl steps up to 75 mM NaCl. Nutrient solutions were renewed every 3 d, and the values of pH and K + concentration were monitored daily and established at 5.5-6.0 and 0.75 mM, respectively, as needed. Plants were harvested for analysis from 1 to 10 d after exposure to full salinity. During + supply (1) potentially activates the H + pumping driven by the PHA proton pump that triggers an (2) effective Na + extrusion by the SOS1 exchanger. At the next step, a still unknown (3) NH 4 + -mediated signaling pathway (most probably by the SOS2 protein, highlighted in light green) co-ordinates (4) vacuolar compartmentalization mechanisms. The global transcriptional profile of the VHA proton pump and NHX antiporter is adjusted (transcriptional regulation controls the VHA activity, while a functional regulation controls NHX). Ultimately, these changes result in a (5) low Na + accumulation in the cytosol of root cells and in a (6) low loading of Na + into the xylem vessels. Thus, the Na + accumulation and distribution in the whole plant is controlled in a tissue-specific manner by Na + efflux in the roots. Otherwise, the NO 3 -availability activates an unsuccessful Na + control pathway, comprising (1) compartmentalization of Na + into the vacuole by up-regulating NHX activity and expression. Low efficiency to sequester Na + in the vacuole induced a (2) greater Na + content inside the cytosol of root cells and resulted in a (3) higher loading of Na + into xylem sap. the harvests, shoot (leaves + stems) and root plant tissues were used for ion content and plant growth analyses, while fresh stressed and non-stressed roots were used for membrane preparation or were immediately frozen in liquid nitrogen and stored at -80 C for later analysis.
Ion content analysis
For ion content measurements, shoot and root tissues of sorghum plants during the vegetative developmental stage were dried by lyophilization and finely powdered. A 20 mg aliquot of dried material was homogenized with 2.0 ml of deionized water for 1.0 h at 75 C and then centrifuged at 3,000 Â g for 10 min. The K + and Na + concentrations were determined in the aqueous extract by flame photometry.
Xylem sap collection
Xylem sap was collected from plants at the appropriate time of harvest as previously described by Shabala et al. (2010) . Stems were cut 5-10 mm to the base and mounted with the cut ends protruding out into a Scholander-type pressure chamber (Plant Moisture Systems). Pressure was applied until the xylem sap started to exude from the cut end of the stem, and the excreted xylem sap was immediately collected and stored at -80 C until further use. The K + and Na + concentrations were measured through flame photometry.
Isolation of plasma membrane vesicles
Plasma membranes of sorghum roots were isolated according to the method described by Widell et al. (1982) , with a few modifications. All experimental steps were performed at 4 C. Root apices (15 g FW) were cut and washed three times with chilled, deionized water and ground in ice-cold homogenization buffer. The homogenate was filtered through four layers of cheesecloth and centrifuged at 9,000 Â g for 15 min; thereafter, the supernatant was centrifuged once more at 20,000 Â g for 1 h. The microsomal pellet was resuspended and the plama membrane vesicles were isolated from the microsomal fraction by partitioning at 4 C in an aqueous polymer two-phase system (8.0 g + 2.0 g) composed of 6.2% (w/w) dextran T500 (Sigma-Aldrich), 6.2% (w/ w) polyethylene glycol (PEG 3350; Sigma-Aldrich) in an appropriate medium. The samples were thoroughly mixed by inversion 20 times. Phase separation was achieved by centrifuging at 1,000 Â g for 5 min. The upper phase containing plama membrane vesicles was collected and repartitioned twice against a fresh lower phase. The final upper phase was diluted four times with a suspension buffer and centrifuged at 80,000 Â g for 1 h. The final plasma membrane pellet was resuspended in buffer containing 1.0 mM Tris-MES (pH 6.5), 20% glycerol and 1.0 mM dithiothreitol (DTT) and was either used immediately or stored at -80 C. Protein concentration was measured according to the Bradford method (1976), using bovine serum albumin (BSA) as a standard.
Isolation of tonoplast vesicles
Tonoplast-enriched vesicles were isolated using differential centrifugation and sucrose gradients as previously described by Barkla et al. (1999) , with some modifications. Root apices (25 g FW) were cut and washed three times with chilled, deionized water and ground in ice-cold extraction buffer; and all subsequent operations were carried out at 4 C. The homogenate was filtered through four layers of cheesecloth and centrifuged at 10,000 Â g for 20 min. Pellets were discarded, and the supernatants were centrifuged at 80,000 Â g for 50 min. The supernatant was aspirated; the microsomal pellet was resuspended in a suspension medium, and then layered onto discontinuous sucrose gradients consisting of a top layer of 22% (w/v) and a bottom layer of 44% (w/v) sucrose, all in the appropriate suspension media. The samples were centrifuged at 100,000 Â g for 2 h, and the tonoplast-enriched fraction was collected at the 0/22% sucrose interface, which was diluted four times in a suspension solution and then sedimented at 80,000 Â g for 1 h. The final pellet was resuspended in buffer consisting of 400 mM mannitol, 10% (w/v) glycerol, 10 mM Tris-MES (pH 8.0), 2.0 mM DTT and 3.0 mM MgSO 4 . Membranes were either used immediately or frozen in liquid nitrogen and stored at -80 C. Protein concentration was determined by the method of Bradford (1976).
Plasma membrane and tonoplast purity
Purity of the isolated plasma membrane and tonoplast vesicles was determined by checking the H + -ATPase activity in the absence and presence of appropriate inhibitors, using optimal conditions for each enzyme. Azide (1.0 mM NaN 3 ), vanadate (0.5 mM Na 3 VO 4 ) and nitrate (50 mM NaNO 3 ) were used to inhibit F-, P-and V-type H + -ATPases associated with the mitochondria, plasma membrane and tonoplast, respectively. Molybdate [0.1 mM (NH 4 ) 6 Mo 7 O 24 Á4H 2 O] was added to all reactions to inhibit activity from unspecific acid phosphatases (Yan et al. 1998) . The obtained membrane fractions were enriched in plasma membrane or tonoplast vesicles without significant contamination from other cellular membranes (Supplementary Table S3 ).
ATPase and PPase assays
The H + -ATPase and H + -PPase activities were determined colorimetrically by the release of phosphate during ATP or PPi hydrolysis, respectively. Inorganic phosphate content was determined spectrophotometrically at 820 nm according to methods of Fiske and Subarrow (1925) . For plasma membrane H + -ATPase activity, the reaction was started by adding 5.0 mM ATP-Tris (pH 6.5) and carried out for 30 min at 30 C. Specific PATPase activity was expressed as the difference between the activities measured in the absence and presence of 0.5 mM Na 3 VO 4 . For vacuolar H + -ATPase and H + -PPase assays, purified tonoplast vesicles (6.0 mg of protein) were added to the reaction mix, as described by Ma et al. (2002) and Kabala et al. (2010) . The reactions were initiated by the addition of 3.0 mM ATP-BTP (pH 7.5) or 0.3 mM PPi-BTP (pH 7.5) for, respectively, V-ATPase and PPase activity, and they proceeded for 30 min at 37 C. Specific V-ATPase activity was expressed as the difference between the activities measured in the absence and presence of NaNO 3 at 50 mM, and the specific PPase activity was calculated from the difference between the activities in the presence and absence of its stimulator, potassium (50 mM KCl).
Proton pumping
The H + -pumping activity associated with the P-ATPase was assayed according to methods of Palmgren and Sommarin (1989) . Formation of an inside-acid pH gradient (ÁpH) into inside-out plasma membrane vesicles was spectrophotometrically measured as the decrease in absorbance at 495 nm of the pHsensitive probe acridine orange. The reaction medium was composed of 10 mM MES-Tris (pH 6.5), 5.0 mM MgSO 4 , 250 mM sucrose, 50 mM KCl, 0.05% (w/v) Brij 58, 10 mM acridine orange and 75 mg of membrane protein in a final volume of 1.0 ml. After equilibration of the membrane vesicles with the reaction medium for 10 min at 25 C, the reaction was initiated by the addition of 3.0 mM ATP-Tris (pH 6.5), and the decrease in absorbance was monitored for 390 s. The gradient was collapsed by adding gramicidin-D to a final concentration of 2.5 mM.
The V-ATPase-and PPase-driven H + transport was measured spectrophotometrically as a drop in acridine orange absorbance at 495 nm, according to Ma et al. (2002) . Tonoplast-enriched vesicles (50-75 mg of protein) were incubated in the dark with stirring for 5 min at 25 C with 30 mM Tris-MES (pH 7.5), 125 mM mannitol, 3.0 mM MgSO 4 , 0.24 mM Na 3 VO 4 , 50 mM KCl and 10 mM acridine orange. Upon addition of 3.0 mM ATP-BTP (pH 7.5) or 0.3 mM PPi-BTP (pH 7.5) to the reaction medium, a pH gradient was established by the action of the V-ATPase and PPase, respectively, resulting in quenching of the acridine orange absorbance. When a constant level of absorbance was achieved (steady-state) (390 s), the pH gradient was abolished by the addition of the ionophore valinomycin at 2.5 mM. Passive proton movement through membranes (plasma membrane and tonoplast) was determined without adding ATP or PPi in the appropriate reaction medium.
Na
+ /H + exchange assay
The Na + /H + exchange activity was assayed by monitoring the Na + -induced dissipation of a pre-established ÁpH (i.e. an Na + -induced increase in acridine orange absorbance), as described by Barkla et al. (1995) and Qiu et al. (2003) . Plasma membrane SOS1 and vacuolar NHX activities were carried out in the same reaction medium as that used for proton transport measurements. When steady state was reached (the maximum ÁpH formed), the ATP-dependent H + -transport activity of the PATPase and V-ATPase was inhibited by the addition of orthovanadate and bafilomycin A 1 , respectively, and 50 mM sodium gluconate was added to initiate Na + transport. The initial rates of Na + /H + exchange (change in absorbance per minute, Á%A 495 min -1 ) were measured through changes in relative absorbance 15 s after the addition of Na + . SOS1 and NHX specific activities were calculated by dividing the initial rates by the mass of, respectively, the plasma membrane and tonoplast protein in the reaction (Á%A 495 mg -1 protein min -1 ). At the end of the reactions, the pH gradients were almost completely abolished by addition of the ionophore gramicidin-D (0.5 mM) or the ionophore valinomycin (0.5 mM).
Real-time PCR (qPCR)
Total RNA was isolated from root tissues using an RNeasy Plant Mini Kit (Qiagen), according to the manufacturer's protocol.
RNA concentration and purity were determined through a Nanodrop 2000 spectrophotometer (Thermo Scientific), and only RNA samples with an A 260 /A 280 ratio of 1.7-2.0 and an A 260 /A 230 ratio >2.0 were used for further analysis. Genomic DNA contamination was eliminated by using an RNase-Free DNase set (Qiagen) and was further confirmed by gel electrophoresis of the PCR products directly using isolated total RNA. First-strand cDNA was synthesized employing the ImpromII kit (Promega), according to the manufacturer's instructions.
Specific primer pairs for each gene were designed for the exon-exon junctions (primer sequences are listed in Supplementary Table S12 ). Real-time PCR was performed on a Mastercycler ep realplex 4S (Eppendorf) using as an indicator the Power SYBR-Green PCR Master Mix (Applied Biosystems). Melting curves were performed to detect the primer specificity. All reactions were assayed in triplicate, and the relative expression was normalized and calculated through the qbase PLUS software version 1.5 (Hellemans et al. 2007 ) using four reference genes (EF12, Fbox, SAND and UBC18) chosen from eight tested genes (EF1, EF11, EF12, Fbox, GTPB, SAND, UBC18 and UK).
Statistical analyses
The experimental design was completely randomized following a 2 Â 2 factorial scheme, made up of two salinity levels (0 and 75 mM NaCl) and two inorganic nitrogen sources (NO 3 -and NH 4 + ). The number of replications varied depending on plant analysis, comprising six (for plant growth), five (for ion content and xylem loading), four (for Na + /H + antiporters and proton pump activities) and three (for gene expression) repetitions, with one individual plant used as a biological replication. At each analyzed time, the data were subjected to a two-way analysis of variance (ANOVA) and the mean values were compared by Tukey's test at 5% probability. Statistical differences due to salinity (Control Â Salt stress) within the same nitrogen source are presented by upper case letters; and statistical comparisons due to nitrogen source treatments (NO 3 -Â NH 4 + ), in the same salinity level, are denoted by lower case letters.
Supplementary data
Supplementary data are available at PCP online.
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